Seventeen structures of Pn, thirteen structures of Pn + and eighteen of Pn' were acquired with molecular graphics and optimizations were carried out with molecular mechanics, PM3 semiempirical and B3LYP DFT calculations. According to total energies, the most stable isomers have been predicted. A cationic cluster prefers to adopt structures with four-fold coordinated atom(s). There is at least one two-fold atom in each of the models, and none of the structures is with all atoms in three-fold mode. Many isomers are derived from cuneane Pe, especially for the formation of the most stable isomers; the cuneane Pe should be considered as an important candidate for the construction of larger clusters. The planar pentagonal unit has been found to be a common substructure in the isomers.
Introduction
A great number of clusters have been generated by laser vaporization. Until now, carbon clusters have received much attention. Recently, there has been renewed interest in the studies of phosphorus clusters. The fact that elemental phosphorus has a large variety of structures has been known for many years [1] . In the form of clusters, phosphorus displays endless varieties as well as structures. Martin observed P n + clusters (up to η = 24) after quenching the vapor of red phosphorus in a helium beam [2] , Huang et al. have reported the generation of P n + clusters (up to η = 35 or 89) and P n " clusters (up to η = 49) in the laser vaporization of red phosphorus [3] [4] [5] [6] .
Theoretical calculations have been performed on phosphorus clusters by a number of methods for a long time [3, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , Most studies were devoted to the small neutral clusters. Theoretical investigations on cationic and anionic clusters are few. We have performed theoretical calculations on structures of P7 + , Pö and Pg + [7] [8] [9] [10] . To interpret the mass spectrum of P n + , we constructed some structures of large P n + (from P25 + to Ρβ9 + ) based on the assumption that large clusters could be built from Ps units [11] , To the best of our knowledge, no theoretical study has been performed on Pn" isomers. Jones et al. explored five Pn structures with a density functional method combined with a simulated annealing technique [15] . Otto et al. performed ab initio calculations on two Pn + structures [21] , Nevertheless, there are questions remained unanswered. Are there any other possibilities for the existence of Pn and Pn + ? Have the most stable structure of Pn and Pn + been really found by the previous studies? What is the most stable isomer of a Pn' cluster? Can more structural information be generated in theoretical studies of Pn, Pn + and Pn" isomers? These are interesting topics worth studying.
In the present article we present seventeen isomers of Pn. thirteen of Pn + and eighteen of Pn"· Most structures had never been calculated before. The purpose of this study is to look into the possible structures of these clusters and to explore their natures: to identify the common factors and specialties. These results might be guiding factors for future theoretical studies on large phosphorus clusters. The knowledge acquired can provide helpful information for the synthesis of a variety of novel cluster-assembled materials and can enlarge our understanding on the natures of novel cluster materials.
Computational Details
Molecular model design, molecular mechanics and semi-empirical PM3 were performed with HyperChem 5.02 for Windows 95 [22] and Desktop Molecular Modeller 3.0 for Windows [23] on a PC/Pentium II computer. The geometry calculations were done using Gaussian 94 program packages [24] by means of the recently proposed and widely used B3LYP hybrid, non-local, DFT A Theoretical Study of the Isomers of Phosphorus Clusters P u , Ρ u 'and P, packages [24] by means of the recently proposed and widely used B3LYP hybrid, non-local, DFT method [25] with basis set 6-31G* for neutral and cationic clusters, 6-31+G* for anionic clusters, respectively. At the 6-31G* and 6-31+G* level our calculated vibrational frequencies were all real for each structure, indicating that they represent real minima on the energy surface. To look for stable configurations, full geometry optimizations for all phosphorus atoms were performed on a SUN 3500 computer. Frequencies that are imaginary denote a non-minimum structure; such models were not included in this paper. With the molecular graphics software [22, 23] , the initial models were constructed by breaking bond(s), making bond(s), adding atom(s), deleting atom(s), rotating fragment(s), translating fragment(s) and merging fragment(s). We developed an initial model by adding atom(s) in different sites of a smaller cluster or by breaking and forming of bonds between two small clusters. Due to the large structural varieties of a phosphorus cluster, one can obtain quite a number of models from such approaches. In this investigation, we have considered the one-fold, two-fold, three-fold and four-fold modes for modeling, according to the structure and bonding characteristics of the phosphorus atom. The structures of Pi i + and P-) -f are considered to be similar to that of a neutral P-ii; one electron is added to or removed from a Pu isomer for the calculations of the Pu" or P-n + , respectively. Figs. 1, 2 and 3 show the seventeen structures of Pu, thirteen of P-n + and eighteen of Pu", respectively.
Model Constructions
Models 1(a) to 1(f) have C2 V symmetry, models 1(g) to 1(q), C s symmetry. In model 1(a), three two-fold atoms are added to the top and bottom sides of a cuneane Pe, respectively. In model 1(b), a triangle P3 (three two-fold atoms) is added to the bottom side of a cuneane Ρβ, forming a planar pentagon. In model 1(c), three two-fold atoms are added to the top, right and left sides of a Cuneane Ps, respectively. Model 1 (d) is derived from a triangular prism Pß (Dßh symmetry) by adding a pentagonal P5 to one of the edges. Model 1 (e) is derived from a cubic Pe by breaking two bonds, then two two-fold atoms and one two-fold atom are added to the top and bottom, respectively. Model 1(f) is also derived from cubic Ps by adding a triangle P3 to one of the edges. Model 1(g) is a structure with a cuneane Pe and a triangle P3 linked by two single bonds. The structure of model 1(h) is similar to that of 1(g), only the two-fold atom of the former is pointing downward while the later, upward. Model 1 (i) is similar to 1 (g) but the two-fold atom has now become part of a near planar five-member ring. When the top and right bottom bonds of a cuneane Pe are broken and three twofold atoms are added, model 1(j) is generated. In model 1(k), a triangle P3 is added to the left bottom side of a cuneane Ps-Model 1(1) appears to be similar to 1(h), except that the bottom bond is broken. Model 1(m) is derived from a cuneane Pß by adding two atoms on the bottom right and one atom on the top. In model 1(n) a triangle P3 is added to the bottom right side of a cuneane Ρβ· Model 1 (o) is made by adding two atoms on the top and one on the right of a boat-shape Ρβ· Model 1 (p) is derived from a boat-shape Pß by adding two atoms on the right and one atom on the left. Model 1(q) contains two two-fold atoms and one four-fold atom. Model 2(e) is derived from 1(g) by the bonding a two-fold atom to a three-fold atom. Model 2(f) is the same configuration as 1(h). The structure of model 2(g) appears to be similar to that of 1(g), except that one of the bonds of the triangular ring on the left is broken. The configuration of model 2(h) is quite close to that of 1(n). The structure of model 2(i) is similar to that of 1(j), the only difference is that the former contains two four-fold atoms. Model 2(j) is similar to 1 (o) in configuration, except that there is a four-fold atom in the former. The configuration of model 2(k) is the same as 1(q). Model 2(l) which contains a four-fold atom is derived from a cuneane Ps by adding three atoms to the bottom right side. Model 2(m) is a Ρβ which is known to be the most stable isomer linked to a near planar five-member ring via two single bonds. 
Results and Discussion
The corresponding symmetries and total energies for the structures of the seventeen Pn, thirteen Pn + and eighteen Pn" isomers shown in Figs. 1, 2 and 3 are listed in Tables 1, 2 and 3, respectively.
As indicated in Table 1 , the Pn structure of model 1(g) is the most stable among the Pn isomers studied. Jones et al. performed the calculations with the density functional method combined with a simulated annealing technique; they found that the one with a model 1(g) configuration exhibited the second lowest energy among the five Pn structures investigated [15] . As indicated in Table 2 , the structure of model 2(e) exhibits the lowest total energy among the thirteen cationic clusters. Otto et al. performed ab initio calculations on two Pn + structures similar to those of models 1(a) and 2(f); they found that the one with a configuration similar to model 2(f) is lower in energy [21] . It is obvious that based on two P-|i + models, Otto et al. failed to identify the most stable P-|i + . At present there is no way to locate the global (most stable) minimum on an energy surface automatically by MO programs. If our perception is not adequate enough to cover all the structural possibilities open to a molecule, the global minimum could remain unidentified [26] . As indicated in Table 3 , model 3(k) is the most stable isomer among the eighteen structures. A literature search revealed that no theoretical work had been performed on Pi -f clusters before. Table 1 The symmetries and total energies (a.u.) of the seventeen Pi -| isomers shown in Fig. 1 The configurations of models 1(g), 1(h) and 1(i) are quite similar; they are derived from cuneane Ps and have very low energies. The configuration of model 1 (I) is similar to that model 1 (h), only the bond on the bottom of the latter is broken. If an atom is placed near the three two-fold atoms of model 1(1) and if three single bonds are formed, the most stable P12 of D3<j symmetry can be formed [12] . The starting models for 2(e) and 1(e) are the same; model 2(e) is derived form 1(g) by bonding the two-fold atom to the atom on the upper right, making it a four-fold atom. Model 3(k) appears to be a cage structure with one two-fold atom. As on can notice, the most stable Pi 1 (model 1(g)), Pn + (model 2(e)) and Ρ-π" (model 3(k)) differ greatly in structural configurations. The most stable phosphorus clusters with different charges have different structures can be an interesting topic that deserves further studies.
It has been reported that for phosphorus clusters with even-member of atoms, all the atoms are likely to be in three-fold coordination. This is not so with the P-j -j clusters reported so far; none of them is with all atoms in three-fold coordination. For models 2(a)-2(e) and 2(h)-2(l), there is a fourfold atom in each one of them. The cationic phosphorus clusters prefer to adopt structures with some atoms in the four-fold mode. Huang at al. pointed out that all orbitals are fully involved in the bonding of a four-fold situation [3] . Model 3(q) and 3(r) are structures with an one-fold atom with bond length (1.95-1.96Ä) close to that of a triple bond. Theoretical studies on structures that contain an one-fold atom have seldom been reported; only one model of Ρβ has been proposed by Jones et al. [14] , We found that the one-fold mode may occur in phosphorus clusters. The calculations on vibrational frequencies confirmed that all of the above models that are with an onefold atom are minima without imaginary frequencies. The results so far suggest that the small phosphorus clusters may be enlarged by the adding of an one-fold atom stepwise at sites that are suitable. The cuneane Pe of model 3(e) is known to be the most stable Pe structure [10, 12, 14, 19] , We can detect the shadow of cuneane Ps in most of the P11, Pfi + and P11" isomers. Models 1(p), 1(q), 2(k) and 2(m) contain tetrahedral P4 as a component. Though both cuneane Pe and tetrahedral P4 are important entities for the construction of larger clusters; for Pn, P-j -j + and Pn" isomers, the models derived from cuneane Pe are higher in number than those derived from tetrahedral P4.
Among the isomers of Pn, P-|i + and P11" shown in Figs.1, 2 and 3, many of them are equal or similar in configuration, though the bond lengths and bond angles are different. The starting models for a set of neutral, cationic and anionic isomers are the same; an electron was removed from a Pi 1 isomer for geometry optimization of a cationic isomer. An anionic isomer was obtained by adding an electron to a Pn isomer. The final structures after geometry optimizations might not be the same as the starting models, there would be failure in convergence or existence of imaginary frequencies, a signal of non-minimum structure. Table 3 The symmetries and total energies (a.u.) of the eighteen anionic Pj \ shown in Fig. 3 One can see that there is a planar or nearly planar pentagonal component in neutral, cationic and anionic phosphorus clusters of Pn. Models 1(b), 1(d), 2(a), 2(b), 2(c), 3(b) and 3(e) contain a planar pentagon as part of the structure. Models 1(i), 2(m) and 3(c) contain a nearly planar pentagon in each of them. The planar P5" being the most stable isomer, a Dsh planar pentagon is an interesting moiety [34, 35] . Model 3(r) is a special structure; it contains one one-fold and one fourfold atom at the same time and is the only structure with a planar hexagonal component. As a component in phosphorus clusters, the planar pentagon structure is more common than the planar hexagonal one, it indicates that the former is more stable than the latter.
The energy surface of a large molecule can be rather complex and there could be other stable minima corresponding to geometries that are unexplored. Although the isomers of Pi 1 have been studied extensively, there is no guarantee that other possible minima do not exist. Our results of geometry optimization are only predictions, and it would be of great interest to see more experimental studies being done on these systems.
